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INTRODUCTION 

The hydrogenation of carbon monoxide to aliphatic alcohols follows the general 
equations 

I 
2nH2 + nCO --LC,H~~+~OH + (n-1)H20 1) 

and 

I 

(n+l)H2 + (2n-1)CO -.+ CnH2n+10H + (n-1)C02 2) 

The isomer distributi0n.h the CnHZn LOH involves linear primary, branched primary, 
or branched secondary alcohols depenhng on the catalysts used. 
that linear alcohols are co-products of hydrocarbon synthesis over Group VI11 
metals, primarily iron (l), while both linear and branched alcohols are products 
of CO hydrogenation over methanol synthesis catalysts modified with alkali promo- 
ters (2). It is this second class of catalysts that has been shown to produce 
2-methyl-1-propanol in relatively high yields. The conditions utilized in the 
early work (3-7) were rather severe, however, exemplified by the pressure range 
300-400 atm and temperatures above 400°C. 
promoted oxides of zinc and manganese with structural promoters such as chromia or 
alumina. Only recently Smith and Anderson (8) have demonstrated that the low pres- 
sure copper-zinc oxide-alumina methanol synthesis catalysts could be promoted by 
potassium carbonate to enhance the yields of higher alcohols, optimized the K2CO3 
concentration, and developed a mathematical model for the chain growth that accoun- 
ted for high degree of branching. The synthesis was carried out at temperatures 
below 300°C and pressures 100 - 130 atm over the K2C03/Cu/ZnO/A1203 catalysts. 
Further study of alkali and alkaline earth promoted copper-based catalysts demon- 
strated that alkali hydroxide promotion enhances higher alcohol yields at pressures 
as low as 75 atm in the temperature range 250-310°C ( 9 ) .  Cesium was found to be 
the most effective promoter and its surface concentration optimized 5n the binary 
CuIZnO catalysts. 

tions on the yields of higher alcohols, particularly 2-methyl-1-propanol (isobuta- 
nol), over the Cs/Cu/ZnO = 0.4/30/70 catalyst ( 9 ) .  High selectivities f o r  direct 
synthesis of isobutanol are demonstrated herein. 

It is well known 

The catalysts were in general alkali- 

In the present work we report an investigation of the effect of reaction condi- 

RESULTS AND DISCUSSION 

The selectivity patterns have been studied at 75 atm, temperature range 288- 

The catalyst preparation was that of ref. 9 with the cesium compound 
325'c, H IC0 = 0.45, and contact time range 1-5 sec in an apparatus described ear- 
lier (107. 
being csOH. 
hols, esters, ketones, and aldehydes. 

conditions used. These results can be summarized as follows: 

The products of the synthesis were, in the order of abundance, alco- 

Figures 1-4 and Tables 1-2 describe the product composition under various 
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1. The g e n e r a l  Smith-Anderson p a t t e r n  f o r  a l c o h o l s  (8) i s  confirmed. However, 
secondary a l c o h o l s  are ve ry  minor 
This  i s  a r e s u l t  t h a t  d i f f e r s  from a l l  p rev ious  r e p o r t s  (2 -8)  and is i n t e r -  
p re t ed  as due t o  the  absence of an  a c i d  component i n  t h e  Cs/Cu/ZnO c a t a l y s t .  

2 .  The s e l e c t i v i t y  t o  i s o b u t a n o l  i n c r e a s e s  wi th  i n c r e a s i n g  temperature  and 
c o n t a c t  t i m e .  

3. E s t e r s  a r e  minor p roduc t s  w i th  methyl e s t e r s  of C1-C3 ca rboxy l i c  a c i d s  
dominating. 
t u r e  and goes through a maximum w i t h  i n c r e a s i n g  c o n t a c t  t ime.  Th i s  i s  
c o n s i s t e n t  w i t h  t h e  a b i l i t y  of t h e  CsICulZnO c a t a l y s t  t o  hydrogenate  e s t e r s  / 

t o  t h e  corresponding a l c o h o l s  (11) .  

p roduc t s  over  t h e  Cs/Cu/ZnO c a t a l y s t .  

The s e l e c t i v i t y  t o  e s t e r s  d e c r e a s e s  wi th  i n c r e a s i n g  tempera- 

The mechanism of t h e  a l c o h o l  and ester forming r e a c t i o n s  has  been d i scussed  
elsewhere (9 ) .  We p o i n t  o u t  t h a t  t h e  s e l e c t i v i t y  p a t t e r n  i s  such t h a t  t h e  forma- 
t i o n  of i s o b u t a n o l  c a n  be maximized and t h a t  of e s t e r s  Suppressed by t h e  choice of 
cond i t ions  and of r e c y c l i n g  schemes. The u t i l i t y  of i s o b u t a n o l  r e s t s  i n  its high 
energy d e n s i t y  compared t o  methanol ,  i n  i t s  h igh  o c t a n e  number (12 ) ,  and i n  i t s  
being a convenient  s o u r c e  of i sobu tene  v i a  c a t a l y t i c  dehydrat ion.  

ACKNOWLEDGEMENT 

This work was p a r t i a l l y  supported by DOE - SERI Con t rac t  DE-AC02-80CS83001. 

REFERENCES 

(1) H. H. S t o r c h ,  N.  Golumbic, and R. B.  Anderson, "The Fischer-Tropsch and Related 

(2) G.  Natta, U. Colombo, and I. Pasquon, i n :  "Ca ta lys i s "  (ed.  P. H.  Emmett) Volume 

(3) P .  K. F r o l i c h  and D.  S. CKydeK, Ind .  Eng. Chem. 2, 1051 (1930). 
(4) G.  D .  Graves,  Inc .  Eng. Chem. 3, 1381 (1931).  
(5) G .  T. Morgan, D. V. N. Hardy, and R .  H .  P r o c t e r ,  J. SOC. Chem. Ind.  Trans.  

(6) R .  Taylor ,  J. Chem. SOC. (London), 1429 (1934).  
(7) G .  Nat ta  and R. Rigamonti ,  Chimica e i n d u s t r i a  g, 623 (1936).  

(9) G .  A .  Vedage, P .  Himelfarb,  G. W .  Simmons, and K. Kl ie r ,  P r e p r i n t s ,  ACS Div i s ion  

Syntheses",  John Wiley & Sons, 1951, N . Y .  

V,  Chapter 3, Reinhold Pub l i sh ing  Corp.,  N . Y .  1957. 

Corn. 51, 1T (1932).  

(8) K. Smith and R. B. Anderson, Canad. J. Chem. Eng. 61, 40  (1983).  f 

of Petroleum Chemistry,  Washington, DC 1983, Vol. 2, No. 5 ,  pp. 1261-1271. 

(1982) .  
(10) K. K l i e r ,  V. Cha t ikavan i j ,  R. G. Herman, and G.  W .  Simmons, J. C a t a l .  76, 343 

(11) G. Vedage, Thes i s ,  Lehigh U n i v e r s i t y ,  1984. 
(12)  F. W. Cox, "Phys ica l  P r o p e r t i e s  of Gasol ineIAlcohol  Blends",  DOE Report  BETC/ 

RI-7914, September 1979. 

274 



'I 

\ 

Table I 

Product distribution over Cu/ZnO = 30/70 catalysts with varying 
concentrations of cesium salts at 288'C, 75 atm, Hz/CO = 0.45 
Total flow rate = 8 l/hr Yield in gmlkg cat/hr, 

Selectivity in carbon atom percent 

co 

c02 

H20 

CH4 

'2"6 
CH30H 

HCOOCH) 

CZH50H 

C H C 0 0 C H 

C3H70H 

( C H 3 ) 2 ~ ~ ~ ~ 2 ~ ~  

C4HgOH 

C2H5COOCH3 

CH3COOC2H5 

CU conversion 

Yield Selec- 
tivity 

l136.65 - 
124.38 - 

- - 

3.93 2.06 

1.90 1.06 

283.73 74.31 

6.16 1.72 

20.83 7.59 

11.13 3.78 

12.11 5.07 

5.33 2.41 

3.67 1.66 

0.55 0.21 

0.30 0.12 

14.11 

CsOH/Cu/ZnO 
(0.4/30/70) 

Yield Selec- 
tivi ty 

1757.35 - 
96.17 - 
- - 

3.46 1.54 

0.54 0.26 
322.11 71.88 

7.94 1.89 

17.90 5.56 

8.04 2.33 

24.29 8.67 

14.82 5.72 

5.59 2.16 

17.54 

CsOH/Cu/ZnO 
(0.8/30/70) 

Yield Selec- 
tivity 

Z110.69 - 
78.83 - 
- - 

3.89 1.92 

0.37 0.19 

318.66 78.86 

8.74 2.31 

12.92 4.45 

4.45 1.43 

14.95 5.92 

9.01 3.86 
2.47 1.06 

- - 
14.27 

CsOOCH/Cu/ZnO 
(0.4/30/70) 

Yield Selec- 
tivity 

2015.85 - 
97.67 - 
0.32 - 
3.47 1.72 

0.57 0.30  

303.58 75.31 

8.04 2.13 

15.01 5.18 

6.68 2.15 

17.55 6.97 

12.11 5.20 

2.44 1.05 

- - 

14.89 
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C s O H / C u / Z n 0 = 0 . 4 / 3 0 / 7 0  

3501 \ a t  288OC, 75 a t m  

I 
I 

301 

H 2 / C O = 0 . 4 5  

MeOH 

- 2-Me-PrOl- 

PrOl- 

'"I ' 
C o n t a c t  T i m e  ( s e c )  

Figure 1. The contact time dependence of alcohol 
yields at 75 atm, 288'C, H2/CO = 0.45 
over the CsOH /Cu/ZnO = 0 . 4 / 3 0 / 7 0  
catalyst. 
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C s O H / C u / Z n 0 = 0 . 4 / 3 0 / 7 0  t a t  3 2 5 O C , 7 5  a t m ,  

1.0 2.0 3.0 4 .0  5.0 6. 
C o n t a c t  T i m e ( s e c 1  

0 

Figure 2. The contact time dependence of alcohol 
yields at 75 atm, 325'C, H2/C0 = 0.45 
over the CsOH/Cu/ZnO = 0 . 4 / 3 0 / 7 0  
catalyst. 
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Figure 3 .  The temperature dependence of a lcohol  
y i e l d s  a t  75 atm, H2/CO = 0.45 a t  
GHSV = 1200 over the  CsOH ./Cu/ZnO = 
0 . 4 / 3 0 / 7 0  c a t a l y s t .  
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Figure 4 .  Selectivity to 2-methyl-1-propanol 
expressed as the ratio of yields of 
2-methyl-1-propanol and methanol at 
75 atm, H2/CO = 0 .45 ,  as a function of 
contact time and temperature. 
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